This paper addresses a elasto-plastic behavior of creasing process for a z-fold membrane to examine the mechanical properties of the crease, which determine the folding and deployment characteristics of a large membrane. To examine the elasto-plastic behavior in terms of the layer pitch and the contact force for creasing the membrane, fold experiments are performed. The experimental results are evaluated numerically by demonstrating elasto-plastic FEM analyses, and examined theoretically by introducing a mathematical model. In the FEM analyses, the precision is improved by investigating numerical parameters; the penalty stiffness for the contact analyses, the numerical damping in the equilibrium equation, and the size of the finite element mesh, which are dominant parameters in non-linear FEM analyses. In the mathematical model, the mechanics of the creasing process is formulated for elastic deformation. These results indicate that the loading process of the creasing properties is confirmed in terms of the contact force and the layer pitch. On the other hand, the further examinations are requested for the unloading behavior to determine the mechanical properties of the crease precisely.
Introduction
Current interest in the use of large deployable space membranes has led to a number of space missions; solar sails, large aperture antennas, sunshields, solar power satellites, and et al. Since these structures are consists of thin and large membranes, the membrane is packed into the rocket on the ground. In the course of the packaging, creases are generated, and the creases affect the folding and deployment of the membrane. For example, the packaging density relies on the contact force for creasing the membrane since the contact force determines the thickness of the crease and the layer pitch of the membrane. In the case of a solar power sail (1) , the attachment area of solar cells is reduced depending on the region of the crease to avoid the damages on the cells. In addition, the deployment dynamics is affected by the tensile behavior of the crease, and the flatness of the membrane after deployment depends on the residual deformation of the crease. Several researches were performed for the mechanical properties of the crease. For example, Okuizumi (2) expressed the crease behavior with a rotational spring correlated with the natural crease angle to perform the deployment simulation of the solar sail using a springmass system. MacNeal et al. (3) derived the effective tensile modulus of a creased metallic tape by assuming the crease as a plastic hinge. Furuya et al. (4) formulated the deployment characteristics of a one-dimensional creased membrane, where the curved beam theory was employed to calculate the rotational stiffness of the crease. Gough et al. (5) introduced nonlinear anisotropic finite elements on the creased area to investigate the wrinkling behavior of a creased membrane using FEM. Papa et al. (6) represented the crease as the initial configuration observed in the experiments to examine the stress distribution and the load-displacement rela-tionships of the Miura-ori folding pattern. In our previous research works (7) , folding analyses were performed, where the creasing process was numerically simulated using FEM analyses to examine the fold properties of the membrane. However, few research works treat the elasto-plastic deformation of the crease. Based on the above discussions, the elasto-plastic behavior of the crease is significant in the creasing process and in the deployment process. In the creasing process, the contact force for creasing the membrane is one of the significant parameters because the contact force determines the layer pitch of the membrane, which induces the plastic deformation in the crease. In the deployment process, the tensile behavior of the creased membrane is important to clarify the deployment dynamics. As the properties of the creased membrane depend on the plastic deformation in the creasing process, we focus on the elasto-plastic properties. Thus, the objective of the present paper is to identify the layer pitch which induces the plastic deformation of the membrane. We treat the crease in the z-fold membrane as one of the simple fold patterns. At first, the effects of the elasto-plastic deformation on the mechanical properties of the crease are examined experimentally by investigating the relationships between the contact force and the layer pitch. Next, elasto-plastic FEM analyses are performed for the z-fold membrane to evaluate the experimental results. Then, a mathematical model for linear elastic deformation is formulated to examine the mechanics of the creasing process theoretically. Finally, mechanical properties of the crease are discussed in terms of the contact force and the layer pitch. 
Nomenclature

Fold experiments
The principal objectives of the fold experiments are to examine the configuration of the crease, as well as to clarify the relationships between the contact force for creasing the membrane and the layer pitch. Figure 1 indicates the cross-section of a z-fold membrane. We make the following three assumptions for the cross-section. First, the contact force for creasing the membrane is dominant force; the membrane is creased by the contact force. Second, the membrane is uniformly creased along the y-direction, and hence, the contact force is uniformly distributed. Third, the
Z-fold membrane
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Vol. 4, No.1, 2011 configuration of the cross section is repeating structure. When we introduce these assumptions, it will be impossible to express the boundary condition around the end of the z-fold exactly. On the assumption of the repeating structure, the membrane in the selected area A in Fig.1 is investigated, and h indicates the layer pitch of the z-fold membrane. 
Experimental setup
In the fold experiments, it is difficult to setup the boundary condition of the membrane in the selected area A (Fig.1 ) because the location of the membrane on the left hand side in the selected area changes depending on the layer pitch. The fold experiments are thus performed for the membrane in the selected area B.
The initial configuration of a membrane specimen is indicated in Fig.2 . The membrane specimen is 101μm thick and PET. A broken line is the target crease line in the experiments. Figure 3 indicates the side-view of the experimental setup. The membrane specimen is attached to a surface S A1 of a block A and a surface S B1 of a block B by double-sided tape. The block A is placed on a level surface. On the block B, the contact force is applied with weights, where the block B is kept in a level position by walls. The friction between the membrane and the blocks, and between the blocks and the walls are reduced by Naflon sheet(TOMBO-9001). The cross-section of the membrane is magnified by a microscope, and the image is captured to measure the layer pitch with an image analysis software. In that case, the experimental error is ±0.23mm.
The contact force is loaded and unloaded with 2 cycles under the elastic deformation and under the elasto-plastic deformation, respectively. On the second assumption in § 2.1, we treat 2P as the contact force per unit length in the y-direction. When the contact force is applied to the block B, the block B is supported by two contact points on the membrane as shown in Fig.3 . We assume the contact force is equally applied to each contact point, and thus, when the total load is 2P, the contact force P is applied to the crease. 
Elasto-plastic finite element analyses
Elasto-plastic FEM analyses have two main objectives. One is to confirm the elastoplastic properties of the experimental results. Another is to evaluate the validity of the elastoplastic FEM analyses for the creasing process.
Finite element model and creasing process
In the FEM analyses, on the assumption of the repeating structure for the cross-section of the z-fold, we analyze the membrane model in the selected area A (Fig.1) . To stabilize the FEM analyses numerically, the numerical creasing process is significant. Thus we introduce a numerical creasing process proposed in our previous research (7) . Figure 4 indicates the numerical creasing process. A broken line indicates the initial configuration of the membrane. As shown in the figure, a strip membrane is used to reduce the numerical cost. The body fixed system of the membrane is indicated with s. There are two steps to demonstrate the FEM analyses. In step 1, an edge load f 1 is applied to the edge E x1 to bend the membrane. Since the contact force is assumed to be the dominant force in the creasing process, the value of the edge load is sufficiently small comparing with the contact force. On the assumption of the repeating structure, a moment applied to the edge E x1 is 0Nmm and the edge E x0 is clamped. In step 2, the contact force is applied with a rigid surface. Since the contact area between the membrane and the rigid surface is unknown, the boundary condition of the displacement of the rigid surface is applied, and we obtain the contact force. The friction between the membrane and the block is neglected in the FEM because the friction is reduced by the Naflon sheets in the experiments. On the assumption of the repeating structure, the edge E x1 is h/2 away from y − z surface. 
Material properties
The tensile tests for the membrane specimen of the fold experiments are performed to evaluate the experimental results quantitatively by the elasto-plastic FEM analyses. In the tensile test, the membrane thickness, the gauge length, and the membrane width are 100μm, 250mm, and 14mm, respectively. Figure 5 indicates the stress-strain relationships obtained by the tensile test. The broken lines represent the loading and the unloading processes. In the course of the tensile test, the plastic strain is occurred when the stress is 65MPa. Using the stress-strain relationships, we obtain the Young's modulus; 4.8 ± 0.3GPa. 
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Setup for FEM analyses
The FEM analyses are demonstrated with ABAQUS/Standard (8) , a commercial software.
As the creasing process of the membrane induces geometrical nonlinearity, the analysis procedure is geometrical nonlinear and static, where the implicit integration scheme is employed.
To carry out the analysis procedure, General Static and NLgeom option are applied. The nonlinear stress-strain relationships of the membrane, which are obtained by the tensile test, are expressed by piecewise linear function, where the compressive stress-strain relationships are assumed to be equivalent to the tensile one. In the course of the creasing process, when the layer pitch is small, the shear deformation around the crease will not be negligible. Hence, S4R shell elements are used, which employs the thick shell theory when the shell thickness is large.
Contact analyses are performed between the membrane and the rigid surface. In this research, Augmented Lagrange Method is applied for the contact analyses. The contact definition in the Augmented Lagrange Method is as follows.
where, p n , g, k p , n, and λ represent contact pressure on the contact surface, penetration, penalty stiffness, unit normal vector of the contact surface, and correction term which specify the penetration tolerance. As shown in Eq.(1), the contact force depends on the penalty stiffness. The relationships between the contact force and the penalty stiffness are investigated as shown in Fig.6 . As shown in the figure, the contact force becomes a constant value when the penalty stiffness is more than 1.00E+4 MPa/mm. Although the precision of the contact analyses is higher as the penalty stiffness is increased, the numerical cost is also increased. Thus, the penalty stiffness is set to be 1.00E+4MPa/mm. Numerical damping is added to the global equilibrium equations as shown in Eq.(2) in order to stabilize the analyses of the non-linear geometrical problem numerically.
where, F E , F I , c, M, and v represent vector of external force, vector of internal force, damping factor, artificial mass matrix calculated with unity density, and vector of nodal velocities. When we introduce the numerical damping, the dissipated energy by the numerical damping has to be sufficiently small comparing with the internal energy to improve the precision of the FEM results. The relationships between the damping factor and the internal energy are thus investigated in Fig.7 . The results indicate that the internal energy is asymptotically close to a value, and thus, the damping factor is requested to be less than 1.00E-6.
Vol.4, No.1, 2011 Figure 8 indicates the finite element mesh. The edges E x0 and E x1 are correspond to the edges shown in Fig.4 . The mesh size also affects the FEM results, and hence, the relationships between the mesh size around the crease and the contact force are examined as shown in Fig.9 . The results indicate that the contact force is asymptotically close to a value when the mesh size is smaller than 0.250mm. Although higher precision is expected as finer mesh size is used, the numerical cost also becomes higher. Hence, the mesh size is selected to be 0.250mm. Fig. 6 Effects of penalty stiffness on contact force Fig. 7 Effects of damping factor on internal energy 
Crease configuration
The crease configurations, which are obtained by the experiments and the FEM analyses, are indicated in Fig.10 . As shown in these figures, in the region between the contact area to the blocks and the origin point of the x −z coordinates, the configurations of the FEM analyses are good agreement with that of the experiments. On the other hand, when the z coordinate is greater than the contact area, there are differences between the experimental results and the FEM results, as obviously shown in Fig.10c and d ; the configurations of the experiments are asymmetric about the y − z plane. We discuss the asymmetric configuration using Fig.11 and 12, which is the overview of the crease configuration. In the loading process, the asymmetric configuration is obtained when the layer pitch is smaller than 1.8mm (Fig.11a to Fig.11b ). On the other hand, in the unloading process, the asymmetric configuration is not obtained when the layer pitch is larger than 1.0mm (Fig.12a to Fig.12b ). This results indicate that the asymmetry occurs when the layer pitch is small. When the layer pitch is small, in-plane compressive stress is applied to the membrane due to the friction between the membrane and the block. As the results, the in-plane compressive stress induces the asymmetric configuration as the buckling behavior. 
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Mathematical model for linear elastic deformation
In this section, a mathematical model for linear elastic deformation is formulated to evaluate the experimental and FEM results theoretically in the next section, as well as to examine the mechanics of the creasing process. Figure 13 indicates the mathematical model of the z-fold membrane on the assumption of the repeating structure. In the model, the contact force P is applied by a concentrated force. Figure 14 shows the beam element of the mathematical model. The displacement u and w are derived as,
We assume that the elongation along the neutral line of the membrane is negligible, and the following equations are derived as, The strain along the s axis in the membrane is described as,
Substituting Eq. (3) to Eq. (5), and using Eq.(4), the following relationship is obtained as,
The following equations for the in-plane force, shear force, and moment are also derived as,
Integrating Eqs. (7) and (8), the following equations are derived as,
where, c 1 and c 2 are integration constants. Equilibrium equations in x-direction and z-direction are derived using the reaction forces in x-direction R x and z-direction R z , as,
4.1. In-plane force and shear force (a) 0 ≤ s ≤ a The repeating structure gives following boundary condition.
Substituting Eq. (14) into Eqs.(10) and (11), the following relationships are derived as,
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Using Eqs. (12), (13), (15), and (16), the integration constants c 1 and c 2 are determined, and thus, the in-plane force and the shear force are derived using Eqs.(10) and (11) as,
As the deflection angle θ is π/2 at s = a, Eq. (10) and (11) are,
At s = a, the following relationships are obtained.
The integration constants c 1 and c 2 are determined by Eqs. (19)- (22), and the in-plane force and the shear force are,
Equilibrium equation
The bending moment is calculated using Eq.(6) as,
The shear force is calculated from Eqs.(9) and (25) as,
By using Eqs. (7), (8), and (26), the governing equation is described by the following differential equation;
Substituting Eqs. (17) and (23) to Eq.(27), the following equations are obtained as,
On the assumption of the repeating structure, the following boundary condition is obtained.
Integrating Eq.(29) and using Eq.(30), the equilibrium equation for a ≤ s ≤ a + b is obtained as Eq. (31).
Vol. 4, No.1, 2011 Considering the continuity at θ = π/2, the equilibrium equation for 0 ≤ s ≤ a is derived using Eqs.(28) and (31) as,
Also, the curvature is obtained by using Eq.(32) as,
Relationships between contact force and layer pitch
To obtain the configuration of the crease, the equation of the displacement of the neutral line Eq. (4) is integrated as,
The boundary conditions of u 0 and w 0 in s = 0 are
Using Eqs. (34), (35) and (33), the displacement of the neutral line is obtained as,
As shown in Fig.13 , the relationship between the layer pitch h and u 0 is,
Using Eqs. (33), (36), and (38), the layer pitch h is derived as,
Note that Eq.(39) indicates the layer pitch is proportional to the 1/2 power of the bending stiffness EI.
Results and discussion
Mechanics of the creasing process is discussed in terms of the contact force and the layer pitch by the experiments, the FEM analyses, and the mathematical model to examine the effects of the elasto-plastic behavior on the mechanical properties of the crease in the zfold membrane. The relationships between the contact force and the layer pitch are indicated in Fig.15 . The experimental data are illustrated with dots. The black-solid line indicates the results of the elasto-plastic FEM analyses. The green-long broken line, the green-middle broken line, and the green-short broken line represent the numerical examples of Eq.(39), where the Young's moduli are 4.8GPa, 5.1GPa and 4.5GPa, respectively. In the mathematical model, Eq.(39) is integrated with respect to θ, where the variable s is changed to the variable θ. Also, T a+b is assumed to be 0.00N/mm as the friction between the membrane and the block is reduced by the Naflon sheet in the experiments, and Q a+b is also 0.00N/mm because the thin membrane is used in the experiments. In that case, the variable θ 0 is not included in Eq.(39). The other numerical parameters of the FEM and the mathematical model are indicated in Table 1 .
Sensitivities of the damping factor, the penalty stiffness, and the mesh size to the FEM results are examined as shown in Fig.15 . The orange-broken line indicates the FEM result which uses the default value of the damping factor; 2.00E-4. Although the orange-broken line
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Vol. 4, No.1, 2011 is agreement with the black-solid line as shown in Fig.15 , we cannot obtain the asymptotic value of the internal energy in Fig.7 . The blue-broken line and the purple-broken line indicate the results which employ the smaller penalty stiffness 1.00E+0MPa/mm and the larger mesh size 0.500mm, respectively. These values calculate the contact force about 10% larger than the asymptotic values as shown in Fig.6 and Fig.9 . These broken lines in Fig.15 become separated from the black-solid line when the layer pitch is smaller than 1.1mm. Thus, we have to select the proper parameters to obtain the precise FEM results.
We discuss the relationships between the contact force and the layer pitch in Fig.15 by divided into three regions; region A, B, and C. As shown in the figure, the layer pitch 4.1mm determines the bounds of the region A and B. When the layer pitch is 4.1mm, in the FEM analyses, the maximum stress in the crease is calculated to be 65MPa, which is the yield stress obtained by the tensile test. In the case of the smaller layer pitch than 4.1mm, the maximum stress in the crease is increased. Thus, the deformation of the region A is treated as elasticity, and the region B represents the elasto-plastic properties in the loading process. Also, the region C shows the unloading process of the contact force from the layer pitch 0.72mm.
For the region A in Fig.15 , the experimental and FEM results are in agreement qualitatively with the results of the mathematical model. Hence, the mechanical properties of the region A can be represented by the linear elastic theory.
For the region B in Fig.15 , the experimental results are expressed by the elasto-plastic FEM analyses. By using the elasto-plastic properties obtained by the tensile test, the results of the FEM analyses are in good agreement with that of the experiments.
For the region C in Fig.15 , the unloading process of the contact force is indicated. As shown in the figure, the gradient of the FEM analyses(−1.7N/mm 2 ) is larger than that of the experiments(−2.2N/mm 2 ). These results indicate that the bending stiffness in the FEM analysis becomes larger than that of the experiments as the layer pitch is increased. Thus, in the unloading behavior, the bending stiffness is treated too large in the FEM analyses. In Fig.11b and 12a , we indicated the asymmetric configuration of the cross-section. The effects of the asymmetric configuration on the difference between the experimental results and the FEM ones are discussed. In the experiments, although the asymmetric configuration is obtained in the loading process for the region B, the difference between the experimental results and the FEM ones is less than the experimental error(± 0.23mm). Hence, in the region B, the significant differences are not induced regardless of the presence of the asymmetric configuration. On the other hand, in the region C, the difference is larger than the experimental error, and the difference exists almost all the results in the region C. However, the asymmetric configuration is not obtained when the layer pitch is larger than 1.0mm. Thus, the difference in the region C is dominantly caused by the elasto-plastic material model of the unloading process in the FEM, and hence, the effects of the asymmetric configuration do not induce the significant difference.
Based on the above discussions, the experimental results are agreement with the results of FEM and the mathematical model in the loading process of creasing the membrane. On the other hand, the unloading behavior has to be examined precisely to determine the mechanical properties of the crease.
Conclusions
Mechanical properties of a creasing process for a z-fold membrane were discussed experimentally, numerically, and theoretically to examine the elasto-plastic behavior of the crease. For the creased z-fold membrane, the cross-section was assumed to be a repeating structure. In the elasto-plastic FEM analyses, proper numerical parameters were selected to improve the precision of the numerical results. The experimental results of the creasing process were agreement with the results of the elasto-plastic FEM analyses and the results of the mathematical model in the loading process. In the unloading process, there was the qualitative difference between the results of the FEM and the experiments, and thus, the effects of the
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